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[1] At 94 GHz, the highest radar frequency used for
atmospheric research, no radar bright band is observed at
the melting layer. In this study, simulations of a vertical
profile of melting particles and their scattering properties for
a variety of melting particle models are used to capture the
basic features of the radar reflectivity structure at 94 GHz in
the melting layer. Observations of stratiform precipitation
from vertically pointing 3 GHz and 94 GHz radars are used
for comparison with the model results. The simulations
show good agreement with the observations. The melting of
precipitating particles results in an abrupt increase in the
radar reflectivity at 94 GHz without a subsequent decrease
at the base of the melting layer. The simulations also
captured a small decrease in the radar reflectivity at 94 GHz
(dark band) often observed at the top of the melting layer.
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1. Introduction

[2] Early observations of stratiform rain from centimeter
wavelength radars [e.g., Battan, 1973] revealed an area of
enhanced radar reflectivity near the 0�C isotherm. The
enhancement of the radar reflectivity at the melting layer
has captured the interest of radar meteorologists since the
early days of radar meteorology [e.g., Austin and Bemis,
1950; Aden and Kerker, 1951; Lhermitte and Atlas, 1963].
The reflectivity enhancement was attributed to the melting
of snowflakes and their conversion to raindrops, particles
with higher dielectric constant. Furthermore, the increase of
the fall velocity of the melted particles induces a reduction
in the number density of particles (divergence) below the
region of enhanced reflectivity and a small drop of the radar
reflectivity. The shallow layer of enhanced reflectivity
extends about 500–700 m below the 0�C isotherm level
and it is called the radar bright band.
[3] The shape and intensity of the radar bright band is

related to the shape and number concentration of the ice
crystals and snowflakes above the melting layer, the melting
rate of the snowflakes, the maximum size of melted particle,
and the rainfall intensity. But there has been no real
appreciation of how radar wavelength influences the final
shape of the radar reflectivity profile in the melting layer.
This is exemplified by 94 Ghz radars that use the shortest
wavelength available for meteorological applications.

[4] At 94 GHz, no radar bright band is observed at the
melting layer (Figure 1). A sharp increase of the radar
reflectivity is observed without a subsequent decrease at
lower height. Often, at low rainfall rates, a small decrease
(1–2 dBZ) of the radar reflectivity (dark band) is observed
first, just below the 0�C isotherm, before the sharp increase
of the radar reflectivity is observed. Overall, the 94 GHz
radar profile at the melting layer can be described as a sharp
reflectivity jump [e.g., Sassen et al., 2005]. With the
growing interest in the use of 94 GHz Doppler radars from
several research programs, such as the Atmospheric
Radiation Measurements Program [Widener and Mead,
2004], CloudSat [Stephens et al., 2000] and NCAR’s
High-performance Instrumented Airborne Platform for
Environmental Research (HIAPER) for the study of clouds
and precipitation, there is a need for an accurate represen-
tation of the melting layer at such high radar frequencies.
[5] The aim of this study is to provide a comprehensive

understanding of the 94 GHz radar profile in the melting
layer (Figure 1) through the use of a melting layer model
and comparisons with collocated observations from
vertically pointing 94 and 3 GHz radars in stratiform rain.
We are particularly interested in explaining the lack of a
reflectivity decrease at 94 GHz at the base of the melting
layer and investigating the conditions that lead to the
development of a shallow dark band at 94 GHz near the
top of the melting layer.

2. Modeling of the Melting Layer

[6] Modeling efforts on the melting layer of precipitation
abound in the literature, from one-dimensional models [e.g.,
Klaassen, 1988; D’Amico et al., 1998], to two-dimensional
[Szyrmer and Zawadski, 1999] to Doppler spectra models
[Skaropoulos and Russchenberg, 2003]. Our aim is to
analyze the radar reflectivity profile of the melting layer,
not the development of a new physical model of melting
snowflakes. Thus, the physical model described by Szyrmer
and Zawadski [1999] is used to provide the vertical profile
of the melting hydrometeors needed for the radar reflectivity
forward model. The melting of snowflakes occurs in a
shallow (500–700 m) layer below the 0�C isotherm where
snowflakes melt and turn into raindrops. Above the melting
layer (T < 0�C), snowflakes are modeled as a mixture of ice
and air (ice inclusions in an air matrix), and the density of
the snow determines the volume fraction f of the ice in the
air. In our study, the ps(Ds) = 0.015Ds

�1 [Mitchell et al.,
1990] was selected to describe the relationship of snow
density ps to the diameter of the snowflake Ds. In the
melting layer, a mixture of partially melted snow particles
and raindrops exist. The shape of particles during melting is
highly variable [e.g., Willis and Heymsfield, 1989]. In our
study we have adopted three different melting snowflake
models from Fabry and Szymer [1999]. In Model 1, the
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melting hydrometeor is composed of ice inclusions in an air
matrix (snow) in a water matrix, ([[[ice], air], water]). In
Model 2, the melting hydrometeor is composed of ice
inclusions in a water matrix in an air matrix, ([[[ice], water],
air]). Finally in Model 3, the melting hydrometeor is
composed of air inclusions in a matrix composed by a
mixture of ice inclusions in a water matrix, ([air, [[ice],
water]]).
[7] For each melting hydrometeor model, the average

dielectric constant of the uniform mixture (inclusion-matrix)
is derived by the Maxwell Garnett formula [Maxwell
Garnett, 1904; Bohren and Battan, 1982; Meneghini and
Liao, 2000]. Once the dielectric constant of the spherical
melting snowflakes is specified at each height in the melting
layer, the Mie scattering solution is used to calculate their
scattering characteristics.

3. Results

[8] In July 2002, NASA’s CRYSTAL-FACE experiment
for the study of tropical cirrus anvils took place in South
Florida. During the experiment, the NOAA Aeronomy
Laboratory 3 GHz profiler and the University of Miami
94 GHz Doppler cloud radar were collocated at a ground
site 40 km southwest of Miami Florida. Radar observations
of the melting layer during a weak stratiform precipitation
even at 94 GHz (Figure 1) revealed the absence of an area
of enhanced reflectivity (bright band), the presence of a
sharp increase in the reflectivity, and often the presence of a
reflectivity minimum (dark band) at the top of the melting
layer. Figure 2 shows the simulated radar reflectivity and
attenuation at 94 GHz (top) for an exponential raindrop size

distribution [Marshall and Palmer, 1948], a surface rainfall
rate of 1 mmhr�1 and for all three melting snowflake
models. For comparison, the corresponding profiles at
3 GHz are shown (Figure 2 (bottom)). The simulations
(Figure 2) are in good agreement with the observations and
capture the main features of the observed radar reflectivity
profile at 94 GHz and 3 GHz (Figure 1). At 3 GHz the
melting layer ends at the depth of 630 m below the 0�C
isotherm where the largest snowflake in the physical model
completely melts to a spherical raindrop with 4 mm diam-
eter. This feature of the radar reflectivity profile is similar to
the observed 3 GHz radar reflectivity profile. At 94 GHz the
reflectivity profile is invariant below 250 m depth. The
maximum attenuation simulated at 94 GHz in the melting
layer is between 1.5–2.2 dBkm�1 among the different
melting snowflake models used, while attenuation in the
liquid layer is 1.3 dBkm�1. When averaged over the depth
of the melting layer, the 94 GHz radar signal attenuation is
comparable to the attenuation in the liquid layer below the
melting layer. This is not the case at 3 GHz, where signal
attenuation in the melting layer is much stronger than it is in
the liquid layer (Figure 2).
[9] At 3 GHz the contribution to the radar reflectivity

from any raindrop is proportional to D6. As a result, a few
large raindrops in the radar resolution volume contribute to
the Doppler moments as much as thousands of small rain-
drops. This is not accurate in 94 GHz radars since the
backscattering cross section for raindrops is not proportional
to the sixth power of the raindrop diameter [Kollias et al.,
2002]. Figure 3 shows the contribution to the reflectivity
profiles of Figure 2 from four raindrop size ranges: 0–1 mm,
1–2 mm, 2–3 mm and 3–4 mm for a Marshall-Palmer

Figure 1. Observed profiles of radar reflectivity at 3 GHz
(dotted line) and 94 GHz (solid line) in stratiform
precipitation. The 0�C isotherm is located at 4.6 km and
the surface rainfall rate is (top) 2 mmhr�1 and (bottom)
0.7 mmhr�1. The 94 GHz radar reflectivity profile below
the melting layer (only raindrops) has been corrected for
Mie effects and attenuation using the corresponding 3 GHz
radar reflectivity values and offset for clarity.

Figure 2. Simulated profiles of radar reflectivity and
attenuation at (top) 94 GHz and (bottom) 3 GHz for three
different models of melting snowflakes (Fabry and Szyrmer,
1999) for a Marshall-Palmer raindrop size distribution and
1 mmhr�1 surface rainfall rate.
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exponential size distribution [Marshall and Palmer, 1948]
and 1 mmhr�1 rainfall rate. At 94 GHz the group of
raindrops with diameter less than 1 mm is the dominant
contributor to the shape of radar profile shown in Figure 2.
The complete melting of the snowflake that turns into a
1 mm diameter raindrop occurs at 230 m depth and beyond
this point the reflectivity profile at 94 GHz remains
constant. Despite the melting of larger snowflakes and the
creation of larger raindrops deeper in the melting layer, their
contribution to the reflectivity profile is not significant due
to the exponential drop of their number concentration
[Marshall and Palmer, 1948]. Thus there is no further
increase of the reflectivity beyond the depth where the
contribution from relatively small raindrops overwhelms

the contribution from larger raindrops. Furthermore, there
is no noticeable decrease in the reflectivity near the base of
the melting layer when the fast falling large raindrops
induce a reduction in the number of particles. This is not
the case at 3 GHz. The contribution to reflectivity from
larger raindrops generated by the complete melting of
snowflakes deep in the melting layer is proportional to D6

and this strong dependence overcomes the exponential drop
in the number concentration. Thus, the overall effect is a
significant contribution to the reflectivity profile from group
of large raindrops deep in the melting layer (Figure 3
(bottom)) that affect the final shape of the reflectivity profile
and are responsible for the presence of the radar bright
band.
[10] Another interesting feature observed in Figure 1 is

the presence of a shallow reflectivity minimum (dark band)
just below the 0�C isotherm. The examination of a large
data set of 94 GHz radar observations of stratiform precip-
itation demonstrated that this narrow dark band is more
pronounced during weak rainfall rates (less than 1 mmhr�1).
The melting layer simulations in Figure 2, however, show
no evidence of a reflectivity minimum just below the 0�C
isotherm.
[11] During the melting process, there are two competing

mechanisms that contribute to the backscattering cross
section of melting snowflakes: The decrease of the diameter,
due to the collapse of the low-density snowflake to a
raindrop, decreases the backscattering, while the increase
of the dielectric constant of the hydrometeor due to the
presence of more water in the liquid phase, increases the

Figure 3. Vertical profiles of radar reflectivity at (top)
94 GHz and (bottom) 3 GHz contribution from four
raindrop size ranges: 0–1 mm (solid), 1–2 mm (dashed),
2–3 mm (dash-dotted) and 3–4 mm (diamonds) for a
Marshall-Palmer size distribution and 1 mm hr�1 surface
rainfall rate.

Figure 4. Backscattering cross sections of hydrometeors
multiplied by their number concentration at various depths
in the melting layer as a function of their equivalent
raindrop diameters. Top of the melting layer, no melting
(black line), depth where 1 mm raindrops form (red), depth
where 2 mm raindrops form (green), depth where 3 mm
raindrops form (magenta) and base of the melting layer with
all liquid raindrops (blue line).

Figure 5. Mapping of the parameter 10log10[cbmin(D)/
cbsnowflake(D)], where cbmin(D) is the minimum simulated
backscattering cross section of a particle with melted
diameter D and cbsnowflake(D) is the simulated backscatter-
ing cross section of the snowflake above the melting layer
whose melted diameter is D. The colored areas indicate
depth and diameter ranges where the melted particle has
lower backscattering cross section that its corresponding
snowflake particle. The white area indicates depth and
diameter ranges where the backscatter cross-section of the
melting particle is higher than the backscattering cross
section of its corresponding snowflake above the melting
layer. The backscattering cross section of a melting
snowflake with melted diameter 1 mm is shown on the
right.

L24818 KOLLIAS AND ALBRECHT: MELTING LAYER REFLECTIVITY AT 94 GHz L24818

3 of 4



backscattering. Melting snowflakes have sizes comparable
to the short wavelength (l = 3.2 mm) at 94 GHz radars and
the backscattering cross section at this frequency as a
function of diameter exhibits a quasi-periodic form with
an exponential damping of the oscillation (Figure 4). The
oscillating nature of the backscattering curve is caused by
the superposition of the multiple terms described in the Mie
scattering solution. Figure 4 shows the backscattering cross
section of hydrometeors for snowflake model 3 multiplied
by their number concentration at various depths in the
melting layer. It is apparent from Figure 4 that certain sizes
of snowflakes will undergo decreases in their backscattering
cross section per unit of volume during the melting process
before they melt completely. Such behavior is evident for
raindrops with diameters larger than 0.7 mm for certain size
ranges of raindrops. Figure 5 shows the parameter
10log10[cbmin(D)/cbsnowflake(D)], where cbmin(D) is the min-
imum simulated backscattering cross section of a particle
with melted raindrop diameter D and cbsnowflake(D) is the
simulated backscattering cross section of a snowflakes
above the melting layer whose melted raindrop diameter
is D. The backscattering minima occur near the top of the
melting layer, which is in good agreement with the obser-
vations (Figure 5). Small raindrops (D < 0.8 mm) do not
contribute to the dark band. In contrast, small raindrops
form near the top of the melting layer and contribute to the
large reflectivity increase observed and simulated (Figure 2).
Thus, these ‘‘localized’’ in diameter size and melting layer
depth minima in the backscattering cross section can affect
the reflectivity profile near the top of the melting layer if
small raindrops are in low concentrations.

4. Summary

[12] At 94 GHz, no radar bright band is observed. The
melting of precipitating particles results in an abrupt
increase in the radar reflectivity without a following
decrease at the base of the melting layer. In addition, a
small decrease of the radar reflectivity (dark band) is often
observed near the top of the melting layer. We investigated
the scattering mechanism responsible for the observed
structure of the 94 GHz radar reflectivity profile in the
melting layer. The simulations presented in this study are in
good agreement with the observations and capture the main
features of the 94 GHz radar reflectivity profile in the
melting layer. Small raindrops that are generated first, near
the top of the melting layer through the melting of their
corresponding snowflakes, have an overwhelming effect on
the reflectivity profile, contrary to the insignificant effect of
small raindrops to the final shape of lower radar frequency
reflectivity profiles. Furthermore, during melting, certain
size groups of snowflakes undergo a decrease of their
backscattering cross section, and if their concentration
relative to the other snowflakes is high, a dark band is

produced near the top of the melting layer. Overall, low
concentrations of small raindrops (D < 1 mm) are required
for the generation of the radar dark band. The results from
this study will improve our understanding of the melting
layer radar signature at high radar frequencies, a critical
issue for the development of new precipitation retrieval
techniques from ground or space using cloud radars.
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